Physiological and therapeutic activities of glucocorticoids and estrogens are mediated by the glucocorticoid receptor (GR) and estrogen receptor (ER), respectively. As mediators of glucocorticoid and estrogenic hormones, the GR and ER play a critical role in a diverse array of physiological processes, including metabolism, immunity, cell growth and proliferation, reproduction, and development (12, 58) . Both GR and ER exert important actions in tissues other than their primary target tissues. In tissues that express both receptors, glucocorticoids often oppose the actions of estrogens. For example, in the mammary gland, glucocorticoids exert antiproliferative effects, whereas estrogens promote cell growth and proliferation (69, 79) . In contrast, in bone, glucocorticoids induce bone resorption (57) , whereas estrogens inhibit this action (23) . Although glucocorticoids and estrogens act within the same cellular context in these biological processes, little is known about the cross talk between the GR and ER signaling pathways.
The GR and ER are both members of the steroid hormone receptor superfamily of nuclear receptors that includes the receptors for androgens, mineralocorticoids, and progestins (44) . The classical mode of action of steroid hormone receptors involves binding of the ligand/receptor complex to specific DNA response elements within promoters of target genes (3) . Subsequently, transcription is activated or repressed as a result of DNA-bound receptors recruiting chromatin remodeling complexes, coactivator and corepressor proteins, and the transcription initiation machinery (28, 45) .
Recent studies have demonstrated a role of cross talk between receptor signaling pathways in the repression of steroid hormone receptor regulation of transcription (21, 32, 33, 67, 68) . Previous studies in our laboratory have focused on the cross talk between the GR and the progesterone receptor (PR). The PR, when bound with type II antiprogestins, inhibits GR-mediated chromatin remodeling and transcription from the mouse mammary tumor virus (MMTV) promoter in T47D/ A1-2 breast cancer cells (21) . The inhibitory effect of PR on GR-mediated transcription of the MMTV promoter can be envisioned, because both receptors use the same DNA response elements on the MMTV promoter (44) . However, our studies showed that instead of competing for DNA binding, the PR inhibits GR activity by disrupting protein-protein interactions. The antiprogestin/PR complex prevents the GR from remodeling organized chromatin by blocking GR from interacting with the chromatin remodeling complex, BRG1 (19) . These experiments suggested that the MMTV promoter organized as chromatin provides a good model to unravel indirect mechanisms other than DNA binding that control gene regulation through steroid receptor cross talk.
Estrogens may affect GR regulation of MMTV transcription at a number of levels. In particular, estrogen regulation of the cell cycle can impact on GR-mediated MMTV transactivation. For example, estrogens change the expression of cyclin-dependent protein kinase inhibitor p21 and subsequently alter the activities of cyclin E/CDK2 and cyclin D1/CDK4/CDK6 complexes (55) . These multiprotein kinase complexes have high levels of H1 kinase activity (62) . Changes in H1 phosphorylation are a hallmark of MMTV activation by glucocorticoids in mouse mammary tumor cells (6, 38) . Accordingly, a change in H1 phosphorylation status by estrogens could impact on GRmediated activation through this mechanism. GR-mediated activation of the MMTV promoter also requires the chromatin-remodeling complex that includes BRG1 (19, 50) . Chromatin remodeling proteins play a vital role in cell cycle progression, and their protein levels change at different stages of cell cycle (49, 59) . The potential effects of estrogens on cell cycle regulation of these or other protein complexes involved in GR regulation of transcription may impact on GR-mediated transcriptional activity.
In the present study, we have focused on cross talk between the GR and ER by using an MCF-7 breast cancer cell line, stably expressing MMTV-luciferase (MMTV-LUC) reporter and exogenous GR. We report that estrogen agonists down regulate GR protein levels primarily through protein degradation. Our studies show that ER-directed down regulation of the GR occurs via the proteasome degradation pathway. The ER-dependent decrease in GR levels is coupled to an increase in Mdm2 protein, an E3 ubiquitin ligase recently shown to target the GR to the proteasome. cific oligonucleotide primers for either MMTV-LTR mRNA (MMTV-22; 5Ј-TCT GGA AAG TGA AGG ATA AAG TGA CGA-3Ј) or 18S rRNA (5Ј-ACC AAA GGA ACC ATA ACT G-3Ј) (31) . For reverse transcriptase PCR (RT-PCR) analysis, cDNA was synthesized as described previously (21) , and PCR was performed with the following pairs of primers. For MMTV-LUC, primers 5Ј-TCT GGA AAG TGA AGG ATA AAG TGA CGA-3Ј and 5Ј-CCT CTT CTG TGT TTG TGT CTG CTG TTC-3Ј were used. Human ␤ 2 -microglobulin was amplified with primer sequences 5Ј-ACC CCC ACT GAA AAA GAT GA-3Ј and 5Ј-ATC TTC AAA CCT CCA TGA TG-3Ј. Human p21 was amplified with primer sequences 5Ј-GCG ACT GTG ATG CGC TAA TGG-3Ј and 5Ј-TCC CAA CTC ATC CCG GCC TC-3Ј. Rat GR was amplified with primer sequences 5Ј-GCT CAC ATT AAT ATT TGC CAA TGG-3Ј and 5Ј-GCT GCT GCT GCT GCT GCT GC-3Ј. Levels of labeled PCR transcripts were analyzed on 8% polyacrylamide denaturing gels and quantified with a Molecular Dynamics PhosphorImager and ImageQuant software analysis (Molecular Dynamics, Sunnyvale, Calif.).
In vivo chromatin analysis. Nuclei were isolated as previously described (37) and subjected to limited digestion using SstI (10 U/100 l). After in vivo digestion, DNA was purified by phenol-chloroform extraction and ethanol precipitation. DNA samples were digested to completion using HaeIII (100 U/100 l) to provide an internal standard for the in vivo cutting and to confirm that equivalent amounts of DNA were used for reiterative primer extension analysis. Purified DNA (10 g) was amplified by using reiterative primer extension, Taq DNA polymerase, and 32 P-labeled specific oligonucleotide complementary to MMTV sequences. Extended products were purified by phenol-chloroform extraction and ethanol precipitation. Samples were analyzed on 8% polyacrylamide gels as described previously (37) .
ChIP assay. MCF-7 cells (0.5 ϫ 10 6 ) were seeded in 10-cm-diameter tissue culture plates. On the next day, cells were pretreated with estrogen agonists or antagonists for 48 h at doses specified in the figure legends. For MMTV promoter, 48 h posttreatment, 1 nM DEX was added for 1 h. Following DEX treatment, cells were fixed with 1% formaldehyde at 37°C for 20 min. Cells were collected by centrifugation in PBS containing protease inhibitors. The chromatin immunoprecipitation (ChIP) assay was performed according to the Upstate Biotechnology protocol with minor modifications. Samples were diluted with ChIP dilution buffer and precleared with 80 l of salmon sperm DNA-protein A agarose slurry for 30 min with agitation at 4°C. Immunoprecipitation was performed overnight (8 to 12 h) at 4°C with antibodies against BRG1 (H-88), transactivation/transformation-domain-associated protein (TRRAP), p53 (DO-1), normal serum immunoglobulin G (IgG) (Santa Cruz Biotech), or ER␣ (Upstate Biotech) as indicated on figure legends. After immunoprecipitation, 60 l of salmon sperm DNA-protein A agarose was added for 1 h at 4°C to capture the immune complexes. Immunoprecipitates were washed five times, with one wash each with low-salt, high-salt, and LiCl buffers and two washes with TE buffer. Immune complexes were eluted twice for 15 min with 1% sodium dodecyl sulfate (SDS) in 0.1 M NaHCO 3 at room temperature. DNA/protein complexes were heated at 65°C for 4 h to reverse the formaldehyde cross-linking, after which proteinase K was used to digest protein for 1 h at 45°C. DNA was purified by phenol-chloroform extraction and ethanol precipitation and amplified by PCR. Primers used for PCR were as follows: MMTV promoter, 5Ј-TTA AGT AAG  TTT TTG GTT ACA AAC and 3Ј-TCT GGA AAG TGA AGG ATA AAG  TGA CGA; Mdm2 promoter, 5Ј-TGG GCA GGT TGA CTC AGC TTT TCC  TC and 3Ј-TGG CGT GCG TCC GTG CCC AC; p21 promoter, 5Ј-CCA GCC  CTT TGG ATG GTT T and 3Ј-GCC TCC TTT CTG TGC CTG A; and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) promoter, 5Ј-AAA AGC GGG GAG AAA GTA GG and 3Ј-CTA GCC TCC CGG GTT TCT CT.
Western analysis. After being washed twice with PBS, cells were pelleted by centrifugation. For whole-cell extracts, cells were lysed as previously described (19) with a minor modification of buffer X (100 mM Tris-HCl [pH 8.5], 250 mM NaCl, 1% [vol/vol] NP-40, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 g of leupeptin/ml). Cytoplasmic and nuclear extracts were prepared as previously described (31) . Pelleted nuclei were resuspended in buffer X (100 mM Tris-HCl [pH 8.5], 250 mM NaCl, 1% [vol/vol] NP-40, 1 mM EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 1 g of leupeptin/ml, 0.5 g of aprotinin/ml, 0.15 mM spermine, and 0.75 mM spermidine). Nuclear pellet was lysed by a 15-min incubation with agitation at 4°C. The supernatant was recovered by centrifugation at 12,500 rpm for 10 min on a bench top refrigerated microfuge. Ten to 100 g of protein was resolved by 6 to 14% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride membrane (Amersham Biosciences Corp., Piscataway, N.J.).
Antibodies. Immunoblotting was carried out with the following antibodies: BRG1 (Robert Kingston, Massachusetts General Hospital, Boston, Mass.); SRC1 and SRC3 (Joe Torchia, University of Western Ontario, London, Ontario, Canada); BUGR2 (B. Gametchu, Medical College of Wisconsin, Milwaukee, Wis.); E6-AP (Carolyn Smith, Baylor College of Medicine, Houston, Tex.); C terminus of Hsc70-interacting protein (CHIP) (Cam Patterson, University of North Carolina, Chapel Hill, N.C.); brm (BD Biosciences, Transduction Laboratories, San Diego, Calif.); ER␣ (Upstate Biotech, Lake Placid, N.Y.); p21 (BD Biosciences, Pharmingen, San Diego, Calif.), p27, cyclin D1, Hsp90, ␤-tubulin, PR-AB-52, and Mdm2 (Santa Cruz Biotech, Santa Cruz, Calif.); p53 (Calbiochem, Boston, Mass.); and GAPDH (Research Diagnostics Inc., Flanders, N.J.).
RESULTS
Characterization of MCF-7-MMTV-GR cells. Estrogen-responsive MCF-7 cells express endogenous ER but express very low levels of GR (54) . To create a system for studying the effect of estrogens on GR-mediated transcriptional activity, MCF-7 cells were stably cotransfected with an MMTV reporter plasmid, a rat GR expression plasmid, and a neomycin resistance gene construct (20, 21) . From the transfected cells, several clones were selected, and cell lines were established. Of these, two G418-resistant clones were selected for further characterization. To determine the number of copies of MMTV-LUC integrated in the genome of MCF-7 cells, genomic DNA purified from clones M and G was digested to completion with SstI ( Fig. 1 A) . Using primers specific for MMTV sequences, DNA was analyzed by linear PCR for the number of MMTV-LUC reporter copies integrated into the genome of MCF-7 cells (31) . The PCR analysis indicated that there are 20 copies of the MMTV-LUC reporter per genome in these cells (Fig.  1B) . Next we determined GR protein expression by immunoblotting using a murine GR-specific monoclonal antibody. The rat GR was detected in the MCF-7 clones but not in the parental MCF-7 cells (Fig. 1C , compare lane 1 with lanes 2 and 3). The MCF-7 clone M was chosen for further experiments. Based on immunoblotting, clone M expresses approximately 100,000 receptors per cell compared to T47D/A1-2 cells, which express 80,000 receptors per cell (21) .
Estrogen agonists, but not antagonists, inhibit GR transcriptional activity. Studies with progestin antagonists suggest that the MMTV promoter provides a good model to study cross talk between steroid hormone receptors in the context of chromatin (19, 21) . The present study focused on the cross talk between the GR and the ER. The GR and ER each exist as 1 and 2) and G (lanes 3 and 4), was digested with Sst-I. Genomic DNA (1 or 5 g) together with 0.05 to 1 ng of MMTV reporter plasmid DNA (2.5 to 50 copies per genome equivalents) (lanes 5 to 9) was analyzed by PCR. PCR products were analyzed with 8% polyacrylamide denaturing gels and exposed to a phosphorimager screen for quantitation and to determine the number of copies of the MMTV reporter integrated in the genome. (C) GR and ER expression in MCF-7-GR clones. Whole-cell extracts were prepared from parental MCF-7 cells (lane 1), MCF-7 clones M and G (lanes 2 and 3), and T47D/A1-2 (lane 4) cells. Proteins were separated on 6% SDS-PAGE, and receptor expression was monitored by Western blotting using antibodies specific for the rat GR and ER. After autoradiography, films were scanned using a densitometer, and bands were quantified. two isoforms, GR␣ and GR␤ (77) and ER␣ and ER␤ (35) . In the present study, GR and ER refer to GR␣ and ER␣, respectively. In preliminary experiments, we treated MCF-7 cells at various time points to determine the optimal time required to demonstrate an effect of the activated ER on GR-mediated transcriptional activity (data not shown). We found that in MCF-7 cells, pretreatment with 10 nM E2 for 48 h followed by 1 nM DEX for 16 h inhibited DEX induction of the MMTV promoter by 75% (Fig. 2A) . The 48-h time point was used for all experiments.
To study the effects of ER ligands on GR-mediated transcriptional activity of the MMTV promoter, we used the synthetic estrogen (DES), the phytoestrogen genistein, and the ER antagonists raloxifene and tamoxifen. MCF-7 cells were pretreated with each compound for 48 h followed by treatment with 1 nM DEX for 16 h. Pretreatment with 10 nM E2, 10 nM DES, or 100 nM genistein inhibits MMTV-LUC reporter activity by Ϸ75% ( Fig. 2A) . In contrast to the ER agonists, the antagonists raloxifene (100 nM) and tamoxifen (100 nM) do not significantly affect GR-mediated MMTV-LUC activity ( Fig. 2A) . The effect of ER ligands on MMTV-LUC reporter activity reflected changes in transcription from the MMTV FIG. 2. Estrogen agonists, but not antagonists, inhibit GR-mediated transactivation. (A) MCF-7 cells were pretreated for 48 h with estrogen agonists 10 nM E2 (E), 10 nM DES (D), and 100 nM genistein (G), or antagonist 100 nM raloxifene (R) or tamoxifen (T), followed by treatment with 1 nM DEX or ER ligands plus DEX for 16 h. Lysates were harvested and analyzed for luciferase activity in triplicate samples for each treatment condition. Data are reported as RLU normalized for total protein. Results are expressed as means Ϯ standard errors for three determinations per treatment condition. (B) Estrogen agonists inhibit glucocorticoid-induced MMTV-LUC mRNA. MCF-7 cells were pretreated for 48 h with estrogen agonists E2 and DES (10 nM) (lanes 3 to 6) or genistein (100 nM) (lanes 7 and 8) or antagonists raloxifene or tamoxifen (100 nM) (lanes 9 to 12), followed by treatment with 1 nM DEX (lane 2) or ER ligands plus DEX (lanes 4, 6, 8, 10, and 12) for 16 h. Total RNA was harvested and analyzed by primer extension with primers specific for MMTV or 18S rRNA. Levels of labeled PCR transcripts were analyzed on 8% polyacrylamide denaturing gels and exposed to phosphorimager screens for quantification. (C) The estrogen antagonist ICI attenuates E2-mediated inhibition of the MMTV promoter activity. Cells were pretreated for 48 h with 1 or 10 nM E2 (E) (lanes 3, 4, 13, 14, and 17) or 10 or 100 nM ICI (lanes 7 and 8) or ICI and E2 (lanes 11 to 18), followed by treatment with 1 nM DEX (lanes 2, 5, 6, 9, 10, 12, 15, 16, and 18) for 16 h. Lysates were harvested and analyzed for luciferase activity as described above. Data are reported as RLU normalized for total protein. The procedure was done in triplicate for each treatment condition, and data are expressed as means Ϯ standard errors for three determinations per treatment condition.
promoter. MCF-7 cells were treated as above, and total RNA was collected. MMTV transcription was monitored by primer extension analysis. In correlation with the observed DEX-dependent increase in reporter activity ( Fig. 2A) , DEX induces MMTV-LUC transcription (Fig. 2B . lane 2). Pretreatment with estrogen agonists (E2, DES, genistein) or antagonists (raloxifene, tamoxifen) alone has no significant effect on MMTV-LUC transcript (Fig. 2B , compare lane 1 with lanes 3, 5, 7, 9, and 11). In contrast, pretreatment with estrogen agonists followed by DEX inhibits glucocorticoid-induced MMTV-LUC mRNA (Fig. 2B , compare lane 2 with lanes 4, 6, and 8). Estrogen antagonists had no significant effect on DEX-induced MMTV-LUC transcript (Fig. 2B , compare lane 2 with lanes 10 and 12).
To demonstrate that the ER mediates the effects of estrogens on MMTV transcription, we tested GR transcriptional activity in the presence of the pure estrogen antagonist ICI. MCF-7 cells were pretreated with either E2 or ICI for 48 h. Both E2 and ICI were used at various dose combinations to test maximum ICI inhibition. Compared to E2, pretreatment with ICI alone followed by DEX had no effect on MMTV-LUC reporter activity (Fig. 2C , compare lane 2 with lanes 5 and 6 and 9 and 10). Pretreatment with ICI and E2 followed by DEX attenuated E2-mediated repression on GR transcriptional activity (Fig. 2C , compare lanes 5 and 6 with lanes 12, 15, and 16). The results show that ICI blocks E2 more efficiently when the two hormones are used at a 100:1 molar ratio (Fig.  2C , compare lanes 12, 15, and 16). At equal molar ratios, ICI does not attenuate E2-mediated repression of GR transcriptional activity (Fig. 2C , lane 18), consistent with the fact that E2 has higher affinity for the ER. Together, these experiments indicate that the ER mediates the repressive effect of estrogen agonists on GR-mediated transactivation.
Estrogen agonists, but not antagonists, inhibit GR's ability to remodel chromatin. We have previously established that GR-mediated transcription from the MMTV promoter involves two distinct steps, GR recruitment of the BRG1 complex and chromatin remodeling, followed by the assembly of the transcription preinitiation complex (19, 37) . Glucocorticoid induction of MMTV transcription is closely linked with the presence of a hypersensitive region within nucleosome B (nuc B) (37) . In the next set of experiments, we examined whether treatment with estrogen agonists or antagonists had any effect on GR-mediated hypersensitivity, monitored by SstI cutting within nuc B (Fig. 1A) . In the absence of DEX, there is limited cutting by SstI (Fig. 3A , lane 1). Treatment with DEX significantly induces SstI cutting in vivo (Fig. 3A , compare lanes 1 and 2). Pretreatment with estrogen agonists E2, DES, and genistein alone did not significantly change SstI cutting (Fig.  3A , compare lanes 1, 3, 5, and 7). However, pretreatment with estrogen agonists inhibited DEX-induced SstI hypersensitivity (Fig. 3A , compare lane 2 with lanes 4, 6, and 8). In contrast to estrogen agonists, the efficiency of SstI cutting was not affected by treatment with the estrogen antagonist tamoxifen or raloxifene (Fig. 3B , compare lane 2 with lanes 6 and 8). In vitro HaeIII cutting indicates that the amounts of DNA loaded for each treatment were equal. The results observed with SstI were also observed with AflII, another restriction enzyme that cuts in vivo within nuc B (data not shown).
The ability of the GR to remodel chromatin is facilitated by the BRG1 chromatin-remodeling complex. Next, we investigated whether estrogens affected GR recruitment of the BRG1 to the MMTV promoter by using a ChIP assay (Fig. 3C ). In DEX-treated cells, antibodies against BRG1, but not normal
Estrogen agonists inhibit glucocorticoid-induced chromatin remodeling. (A) Estrogen agonists inhibit glucocorticoid-induced SstI hypersensitivity. Nuclei were harvested from cells pretreated with 10 nM E2 and DES or 100 nM genistein (lanes 3 to 8) followed by treatment with 1 nM DEX (lane 2) or ER ligands (Horm) and DEX (lanes 4, 6, and 8) for 1 h. Nuclei were digested with Sst-I in vivo and with HaeIII in vitro to provide an internal control. DNA was amplified by reiterative primer extension using Taq DNA polymerase. PCR products were analyzed using 8% polyacrylamide denaturing gels and exposed to phosphorimager screens. (B) Estrogen antagonists do not inhibit glucocorticoid-induced SstI hypersensitivity. Cells were pretreated as described in the legend for panel A, but with 100 nM tamoxifen (lanes 5 and 6) or raloxifene (lanes 7 to 8). Cells treated with E2 (lanes 3 to 4) were included as a control. (C) BRG1 association with the MMTV promoter is inhibited by E2. Cells were untreated (lane 1) or pretreated with 10 nM E2 (lanes 3 and 4) or 100 nM raloxifene (lanes 5 and 6) followed by treatment with 1 nM DEX (lane 2) or ER ligands and DEX (lanes 4 and 6) for 1 h. Cells were harvested, and chromatin was prepared by sonication. The fragmented chromatin was immunoprecipitated with antibodies against BRG1 or nonspecific antibody control (normal serum IgG [NS]). DNA from the input and immunoprecipitates was analyzed by PCR with primers specific for the MMTV promoter. PCR products were analyzed with 6% nondenaturing gels and exposed to phosphorimager screens for further analysis. E, E2; D, DES; G, genistein; R, raloxifene; T, tamoxifen.
VOL. 23, 2003 ESTROGEN RECEPTOR BLOCKS GR VIA PROTEASOME 5871 serum IgG, specifically immunoprecipitated MMTV promoter DNA (Fig. 3C , compare lanes 1 and 2 of the nonspecific panel with lanes 1 and 2 of the BRG1 panel). Treatment with E2, but not raloxifene, inhibited DEX-induced recruitment of BRG1 to the MMTV promoter (Fig. 3C , compare lane 2 with lanes 4 and 6). Together, these results show that estrogen agonists inhibit GR-mediated chromatin remodeling of the MMTV promoter, and as a result, transcription from the promoter is inhibited. ER ligands do not alter the levels of chromatin remodeling or coactivator proteins. Since we show that in the presence of E2, less BRG1 is associated with the promoter by ChIP (Fig.  3C) , we next analyzed BRG1 cellular protein levels to ensure that BRG1 was not limiting and to establish that the observed decrease in BRG1 bound on MMTV promoter was not due to differences in protein expression. Comparison of nontreated cells and cells treated with DEX showed that treatment with estrogen agonists and antagonists did not alter the protein levels of chromatin remodeling protein BRG1 or brm (Fig. 4A , compare lanes 1 and 2 with lanes 3 to 8). Cellular response to steroid receptors, including the GR, is tightly regulated by a number of coactivators that modify GR transcriptional activity (45) . Changes in expression of coregulator proteins could contribute to estrogen-directed repression of GR activity. Therefore, we tested protein expression of SRC1 and SRC3, a subset of the SRC/p160 family of coactivator proteins. Treatment with ER ligands did not alter the expression of these proteins (Fig. 4A, compare lanes 1 and 2 with lanes 3 to 8) .
Chromatin remodeling proteins play a role in cell cycle progression (49, 59) , and estrogen regulation of the cell cycle could impact on regulation of glucocorticoid-induced proteins. In particular, estrogens promote growth, while glucocorticoids exert antiproliferative effects on mammary epithelial cells (69, 79) . To gain more insight on the physiological outcome of the cross talk between the GR and the ER, we examined whether estrogen agonists had a repressive effect on GR-regulated cell cycle proteins. For this purpose, we monitored the glucocorticoid-inducible cell cycle inhibitor, cyclin-dependent kinase inhibitor p21. Previous studies have shown that glucocorticoids induce p21 protein levels in a number of cell lines (6, 61) . Cyclin D1 is a well-defined target of E2 in the MCF-7 breast epithelial cell line (1, 42) and was used as a control. In agreement with the known antiproliferative effects of glucocorticoids in breast epithelial cells, DEX induced an increase in the cyclin-dependent kinase inhibitor p21 (Fig. 4B , compare lanes 1 and 2). ER ligands alone (E2, DES, raloxifene) did not induce p21 protein expression. In contrast, pretreatment with E2 or DES, but not raloxifene, inhibits DEX-induced p21 protein expression (Fig. 4B , compare lane 2 and lanes 4, 6 and 8). Estrogens had no significant effect on the cyclin-dependent kinase inhibitor p27. However, consistent with the proliferative role of estrogen agonists on breast epithelial cells, E2 and DES, but not raloxifene, induced an increase in cyclin D1 protein levels (Fig. 4B , compare lanes 3 to 6 with 7 to 8).
Estrogen agonists down regulate GR protein. The results showing that estrogen agonists inhibit DEX induction of p21 raised the possibility that the repressive effect of estrogen agonists on GR activity is not specific for MMTV but could be a general effect on GR-regulated genes and proteins. We next asked whether estrogens had an effect on GR protein levels. It is generally accepted that the unliganded GR resides in the cytoplasm and that hormone activation leads to nuclear localization and a transcriptionally active GR (22, 29) . Therefore, we monitored GR levels in the cytosol and nuclear fractions by immunoblotting. As expected, the GR is in the cytosol in the absence of DEX (Fig. 5A, cytosol results in lanes 1, 3, 5, and 7) . Treatment with estrogen agonists (E2, DES), but not raloxifene, resulted in a decrease in GR levels compared to untreated cells (Fig. 5A , cytosol blot, compare lane 1 with lanes 3, 5, and 7). There is some GR present in the cytosol fraction in the cells treated with DEX in the presence of E2 and DES, raising two possibilities: the cellular fractionation was not complete because of methodology, or the GR is retained more in the cytosol in the presence of estrogen agonists (Fig. 5A , cytosol blot, compare lane 2 with lanes 4, 6, and 8). This was observed in multiple experiments. As a control, the membrane was immunoblotted with ER antibody. In contrast to the GR, the ER is not detected in the cytosol. Coincident with hormone-induced translocation, treatment with DEX localizes the GR to the nucleus (Fig. 5A, nuclear blot, lane 2) . When cells were treated with DEX after pretreatment with E2 or DES, GR levels decreased and were almost undetectable with our experimental conditions (Fig. 5A , nuclear blot, compare lane 2 with lanes 4 and 6). In contrast to cells pretreated with estrogen agonists, GR levels in cells treated with raloxifene were similar to those in cells treated with DEX alone (Fig. 5A , nuclear blot, compare lane 2 with lane 8). ER levels did not significantly change with hormone treatment, and in particular, DEX treatment does not have a significant effect on ER protein levels. In a similar experiment, treatment with genistein, but not tamoxifen, decreased GR protein levels (data not shown). These results indicate that treatment with estrogen agonists, but not antagonists, results in a decrease in GR protein levels in MCF-7 cells.
To ascertain that the decrease in GR protein expression was not associated with altered transcription of the GR gene, we monitored GR mRNA expression. It was unlikely that we would detect any differences in GR mRNA, since we constructed a cell line that would constitutively express the rat GR under control of a simian virus 40 promoter. Rat GR mRNA expression was monitored by RT-PCR with primers specific for the rat GR cDNA sequence after pretreatment with estrogen agonists and antagonists. Treatment with ER agonists or antagonists does not significantly change GR mRNA expression (Fig. 5B, compare lanes 1 and 2 with lanes 3 to 8) . In contrast to the GR transcript, E2 and DES, but not raloxifene, inhibit DEX induction of p21 mRNA. Together, these results show that in MCF-7 cells pretreated with estrogen agonists, GR protein levels are decreased. Furthermore, this decrease occurs at a step downstream of transcription of the GR gene, suggesting that estrogen agonists may affect GR protein stability.
ER-dependent down regulation of the GR requires de novo protein synthesis and is mediated by the proteasome degradation pathway. We next investigated potential mechanisms by which estrogen agonists decrease GR protein levels. The finding that estrogen agonists do not significantly affect GR mRNA levels suggests that the decrease in GR protein is not at the transcription level but rather downstream, perhaps at a translation or posttranslational step. To test whether the E2-mediated decrease in GR protein levels required de novo protein synthesis, we asked whether inhibiting protein synthesis would block the E2-mediated decrease in GR protein levels. Cells were pretreated with E2 or raloxifene alone or with ER ligands in the presence of 1 g of CHX/ml for 48 h. Cell lysates were prepared from the cytosol and nuclear fractions, and the GR was monitored by Western blotting. Pretreatment with E2, but not raloxifene, decreases the GR in the cytosol and in the nucleus (Fig. 6A, compare lane 2 with lanes 1 and 3) . Pretreatment with E2 in the presence of CHX blocks E2-directed down regulation of the GR (Fig. 6A , compare lanes 2 and 5). As a control in the cytosol, the same membrane was stripped and immunoblotted with ␤-tubulin antibody. In contrast to the GR, ␤-tubulin protein levels do not significantly change with E2 treatment (Fig. 6A, compare lanes 1 and 2) . However, unlike the GR, ␤-tubulin protein levels decrease in the presence of CHX. Similarly, the nuclear proteins were immunoblotted with ER antibody as control. In the presence of CHX, ER protein levels do not change significantly. Notably, treatment with CHX not only blocks E2-mediated decrease in GR protein levels but also increases basal levels of the GR (Fig. 6A , compare lanes 1 and 2 with lanes 4 and 5). Together, these results indicate that the mechanism by which estrogen agonists down regulate GR protein levels requires de novo protein synthesis but does not involve the synthesis of the GR protein itself. Instead, the results suggest that E2 decreases the GR by a mechanism that involves GR protein turnover or stability. Interestingly, upon CHX treatment and GR accumulation, we detect additional GR antibody reactive material that could represent proteolytic fragments and/or splice variants. A resolution of this issue is currently under active investigation.
We further investigated whether treatment with CHX restores GR-mediated transcriptional activation in the presence of E2. Cells were treated as in previous experiments, and total RNA was collected. MMTV-LUC mRNA was monitored by primer extension analysis. Pretreatment with E2, but not raloxifene, alone or in the presence of CHX did not induce MMTV-LUC mRNA (Fig. 6B, compare lanes 1 and 7 with lanes 3, 5,  9 , and 11). Treatment with DEX alone or in the presence of CHX induces MMTV-LUC transcript (Fig. 6B , compare lanes 1 and 7 with 2 and 8). In contrast, pretreatment with E2, but not raloxifene, inhibits DEX induction of MMTV-LUC transcript (Fig. 6B , compare lane 10 with lanes 8 and 12), and this effect is blocked by CHX (Fig. 6B, compare lanes 4 and 10) . These experiments suggest that inhibiting protein synthesis blocks E2-mediated decrease in GR protein levels and restores GR-mediated transcriptional activity, as shown by an increase in MMTV-LUC transcript.
The experiments using CHX suggest that the E2-mediated decrease in GR involves protein turnover. Regulated proteol- 6, and 8 ) for 12 h. Cytoplasmic and nuclear extracts were analyzed by Western blotting with antibodies specific for GR and ER. (B) Effect of ER ligands on GR and p21 mRNA levels. Cells were treated as described above, and total RNA was prepared as described in Materials and Methods. GR, p21, and ␤ 2 -microglobulin mRNA transcripts were analyzed by RT-PCR. E, E2; D, DES; R, raloxifene.
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on February 21, 2013 by PENN STATE UNIV http://mcb.asm.org/ ysis by the proteasome accounts for turnover of most shortand long-lived proteins, including some nuclear receptors (13, 36, 43, 51) . Germane to our current studies, the ubiquitinproteasome pathway has been shown to degrade the GR (16, 65, 71, 73) . To examine if E2 down regulates the GR through a proteasome-dependent pathway, we asked whether the proteasome inhibitor MG132 would block E2-mediated down regulation of the GR. Cells were cultured overnight and cotreated with hormones plus 0.5 M MG132 for 48 h. Cytosol and nuclear fractions were prepared and analyzed by Western blotting. In both the cytosol and the nucleus, pretreatment with E2, but not raloxifene, decreases GR protein levels (Fig. 6C , compare lane 2 with lanes 1 and 3). Pretreatment with MG132 blocks E2-directed down regulation of the GR (Fig. 6C , compare lanes 2 and 5). For a control, the same membrane was stripped and immunoblotted with ␤-tubulin (cytosol) or ER antibody (nuclear). In contrast to the GR, ␤-tubulin protein levels do not significantly change with E2 treatment (Fig. 6C , compare lanes 1 and 2). Treatment with MG132 does not increase ␤-tubulin protein from basal levels. To ascertain that the effects inhibiting the proteasome were specific for the GR, we determined PR levels under similar experimental conditions. As expected, treatment with E2 , but not raloxifene, increases PR protein levels (Fig. 6D , compare lane 2 with lanes 1 and 3). Treatment with MG132 inhibits ER-mediated increase of the PR and in fact inhibits basal PR protein expression. These results indicate that E2-mediated proteasomal degradation is specific for the GR (Fig. 6D, lane  5) . To establish whether the GR accumulated after proteasome inhibition was transcriptionally competent, GR-medi- 6) . Nuclear extracts were prepared, and Western blotting analysis was done with antibodies specific for PR. (E) MG132 reverses the inhibitory effect of E2 on GR transactivation. MCF-7 cells were untreated (lanes 1 and 7) or pretreated for 48 h with 10 nM E2 (lanes 3, 4, 9, and 10) or 100 nM raloxifene (lanes 5, 6, 11, and 12) in the presence or absence of 0.5 M MG132 (lanes 7 to 12). After 48 h, cells were treated with 1 nM DEX (lanes 2 and 8) or ER ligands and DEX (lanes 4, 6, 10, and 12) for 12 h. Total RNA was analyzed by RT-PCR with specific primers for MMTV and ␤ 2 -microglobulin. PCR products were analyzed with 8% polyacrylamide denaturing gels and exposed to phosphorimager screens. E, E2; R, raloxifene. ated changes in MMTV-LUC transcript levels were analyzed. Pretreatment with E2 or with raloxifene alone or in the presence of MG132 did not induce MMTV-LUC mRNA (Fig. 6E , compare lanes 1, 3, and 5 with lanes 7, 9, and 11), although MG132 increases basal activity of the promoter (Fig. 6E, compare lanes 1 and 7) . Treatment with DEX alone or in the presence of MG132 induces MMTV-LUC mRNA (Fig. 6E,  compare lanes 1 and 7 with lanes 2 and 8) . Pretreatment with E2, but not raloxifene, inhibits DEX induction of MMTV-LUC mRNA (Fig. 6E , compare lane 4 with lanes 2 and 6), and MG132 blocks this effect (Fig. 6E, compare lanes 4 and 10) . Taken together, these results indicate that E2-mediated down regulation of the GR is blocked by a proteasome inhibitor, suggesting that E2 enhances proteasomal degradation of the GR.
ER-dependent GR degradation is coupled to an increase in Mdm2 protein.
Our experiments in which we inhibit protein synthesis with CHX led us to hypothesize that treatment with estrogen agonists results in the synthesis of ER-regulated protein(s) that targets the GR to the proteasome. In the next set of experiments, we examined the changes in protein levels of the tumor suppressor p53 and its inhibitor Mdm2. Recent experiments have shown Mdm2 to be regulated by estrogens as well as to target the GR for ubiquitylation (27, 65) . As a control, membranes were immunoblotted with antibodies for hsp90, a chaperone protein that stabilizes the GR (73); E6-AP, a E3 ubiquitin ligase that has been shown to function as a coactivator for the ER (52) and to target p53 for proteasome degradation (63) ; and CHIP, a chaperone-dependent E3 ligase that induces ubiquitylation of the GR (10). In the cytosol, estrogen agonists (E2, DES), but not raloxifene, increase p53 protein levels two-to threefold compared to levels in untreated or DEX-treated cells (Fig. 7A, compare lanes 3 to 6 with lanes  1, 2, 6, and 8) . Concomitantly with the increase in p53, Mdm2 increases in the cytosol after treatment with E2 and DES. In contrast to p53 and Mdm2, neither E6-AP nor hsp90 or CHIP changes significantly after treatment with ER ligands.
To gain insight on whether p53 and Mdm2 could be the to 12), or p53 (lanes 13 to 15) . A proportion of the fragmented chromatin was saved before immunoprecipitation as input (lanes 1 to 3) . DNA from the input and immunoprecipitates was analyzed by PCR with primers specific for the Mdm2, p21, or GAPDH promoters. PCR products were analyzed with a 1.5% agarose gel. E, E2; D, DES; R, raloxifene; ActD, actinomycin D; HU, hydroxyurea; C, untreated. candidate molecules targeting the GR for proteasome degradation, we asked whether CHX and MG132 blocked E2-mediated up regulation of these proteins. Cytoplasmic and nuclear extracts from the experiments illustrated in Fig. 6A and C were immunoblotted with antibodies for p53, Mdm2, and E6-AP. In contrast to the GR (see Fig. 6A , lane 2), pretreatment with E2 increases p53 levels compared to the control or cells treated with DEX (Fig. 7B, compare lanes 1 and 2) , and the effect is predominantly in the cytosol. Raloxifene does not significantly change p53 levels compared to the control (Fig.  7B, compare lanes 1 and 3) . In both cytosol and the nucleus, pretreatment with CHX blocks E2-mediated increase in p53 and maintains the protein at basal levels (Fig. 7B , compare lane 2 with lanes 4 to 6). As shown in Fig. 7A, E2 increases Mdm2 protein levels, as observed for p53 (Fig. 7B, compare  lanes 1 and 2) . However, in contrast to p53 or the GR (see Fig.  6A , lanes 4 to 6), pretreatment with CHX and E2 not only blocks E2-mediated increase in Mdm2 but also blocks basal Mdm2 levels in both the cytosol and the nucleus. E6-AP protein levels do not significantly change with hormone or CHX treatment. The observation that there are distinct differences in the effects of the protein synthesis inhibitor on the GR, p53, and Mdm2 protein levels suggests differences in protein turnover among these proteins. In particular, CHX inhibits Mdm2 synthesis, suggesting that this protein could play a role in E2-induced GR degradation.
In a separate experiment, we monitored the effects of inhibiting the proteasome on p53, Mdm2, and E6-AP protein levels. As shown above, pretreatment with E2, but not raloxifene, increases p53 and Mdm2 levels (Fig. 7C, compare lane 2 with  lanes 1 and 3) . As shown for the GR, treatment with the proteasome inhibitor MG132 attenuated the E2-mediated response by blocking the increase in p53 and Mdm2 (Fig. 7C,  compare lanes 2 and 5) . Interestingly, MG132 inhibits E2-mediated up regulation of Mdm2 in the nucleus (Fig. 7C , compare lanes 2 and 5, nuclear blot). These data support the hypothesis that Mdm2 is an ER target, and the result is consistent with recent reports showing that MG132 inhibits ER transcriptional activity (43) .
Since we find that GR degradation is correlated with an increase in both p53 and Mdm2, we wanted to determine which protein was more directly correlated with GR degradation. We employed a variety of stress-inducing agents known to induce p53 and monitored GR protein levels by immunoblotting (Fig.   FIG. 7 (Fig. 7D, compare lanes 1 and  2) . Both UV irradiation and hydroxyurea increased p53 to the same extent as E2 (Fig. 7D , compare lane 2 with lanes 3 and 4). However, p53 induced by UV is not coupled to GR degradation, while p53 induced by hydroxyurea is associated with a decrease in GR. Treatment with hydrogen peroxide or actinomycin D increased p53 above control levels but did not significantly change GR protein levels (Fig. 7D , compare lane 1 with lanes 5 and 6). Analysis of the effect of these agents on the expression of Mdm2 protein provided a more distinct answer. Our results show that p53 is associated with an increase in Mdm2 in cells treated with E2 (lane 2) and hydroxyurea (lane 4) but not with cells treated with UV irradiation (lane 3). Importantly, an increase in p53 that is associated with an increase in Mdm2 correlates with a decrease in GR, indicating that GR degradation is coupled to an increase in Mdm2 rather than p53. Until recently, Mdm2 has been described as an E3 ubiquitin ligase that primarily interacts with p53 and promotes its ubiquitylation and proteasomal degradation (26, 34) . However, Mdm2 has recently been shown to ubiquitinate and target the GR to the proteasome (65) . Nuclear export of Mdm2 has been shown to be essential for its E3 ubiquitin ligase activity (70) . The export from the nucleus to the cytosol is mediated by a nuclear export signal sequence in a number of proteins that interact with CRM-1 receptor. The streptomyces metabolite LMB directly interacts with the CRM-1 receptor and inhibits nuclear export of proteins possessing the nuclear export signal sequence. To determine if E2-mediated decrease in GR was associated with cytoplasmic localization of Mdm2, we used LMB to inhibit nuclear export of Mdm2. In control cells, less than 5% of Mdm2 is localized in the cytosol (Fig. 7E , lane 1, cytosol versus nuclear blot). Treatment with E2 leads to accumulation of Mdm2 in the cytosol (Fig. 7E , lane 2, cytosol versus nuclear blot). In response to LMB alone, Mdm2 is predominantly nuclear (lane 3). Furthermore, LMB blocks E2-mediated nuclear export of Mdm2 and consequently blocks GR degradation (Fig. 7E, compare lanes 2 and 4) . Since the results with various stress-inducing agents indicate that Mdm2 specifically correlates with GR degradation, the result with LMB suggests that estrogen agonists sequester Mdm2 in the cytosol to facilitate GR degradation.
To examine a direct role of the ER in the increase in Mdm2 expression, we employed the ChIP technique to determine whether ER protein binds to the Mdm2 promoter. After formaldehyde cross-linking and shearing of chromatin by sonication, protein/DNA complexes were immunoprecipitated with antibodies against normal serum IgG, ER␣, TRRAP, and p53. PCR was performed with Mdm2-specific primers spanning the p53 binding site. Results show that ER␣ is recruited to the region of the Mdm2 promoter spanning the p53 binding site when cells are treated with E2, but not raloxifene (Fig. 7F,  compare lanes 8 and 9) . Mdm2 is a p53 target; hence p53 is recruited to the promoter in a E2-dependent manner (Fig. 7F , compare lane 14 with lanes 13 and 15). TRRAP is an acetyltransferase multiprotein complex that is required for p53 transcriptional regulation of Mdm2 (4) and also for E2-dependent cell growth in MCF-7 cells (76) . Consequently, recruitment of the TRRAP complex to the Mdm2 promoter is E2 dependent (Fig. 7F, compare lane 11 with lanes 10 and 12) . No PCR product was observed with DNA immunoprecipitated with normal serum IgG (Fig. 7F, lanes 4 to 6) . We also examined recruitment of these factors on p21 promoter, another p53 target gene. Neither ER␣ nor p53 was recruited to p21 promoter with primers spanning the p53 binding site. No PCR product with immunoprecipitated DNA was observed on the GAPDH promoter, suggesting that the recruitment of these factors is specific for Mdm2 promoter. These results indicate that ER␣ is recruited on the Mdm2 promoter and that the p53 induced by E2 is preferentially recruited to the Mdm2 promoter, but not to the p21 promoter, supporting our observation that E2 increases Mdm2, but not p21 protein levels. Together, these experiments suggest that Mdm2 may be the candidate protein induced by E2 to facilitate GR degradation.
DISCUSSION
Glucocorticoids and estrogens play an important role in regulating physiological processes such as immune response, reproduction, and cell growth (12, 58) . Consequently in the present study, we investigated the role of GR/ER cross talk on GR-mediated transcriptional activity. Our data show that estrogen agonists, but not antagonists, inhibit GR-mediated chromatin remodeling and transcriptional activity of the MMTV promoter integrated in the MCF-7 breast cancer cell line. Similar inhibitory effects were observed when the PR was bound with type II antiprogestins such as Org 31710 and ZK112993 in the T47D/A1-2 breast cancer cell line (19, 21) .
In the studies with antiprogestins, the PR-GR antagonism could be predicted. For instance, the GR and PR bind similar DNA response elements on the MMTV promoter (44) , and the antagonism could result from competition for DNA binding sites. However, as our studies have shown, the PR represses GR-mediated MMTV transcription primarily by disrupting GR protein-protein interactions with the chromatin remodeling complex proteins (19) . Glucocorticoid-induced chromatin remodeling is a hallmark of the GR-mediated transcriptional activation of the MMTV promoter (19, 37, 50) . We show that estrogen agonists decrease chromatin remodeling within proximal promoter. Our previous studies with progestin antagonists showed that type II antiprogestins inhibit the ability of the GR to remodel chromatin by sequestering the BRG1 complex (19) . In the case of ER-GR antagonism, squelching of cofactors may not be the primary mechanism by which estrogen agonists inhibit GR activity.
Using a number of experimental approaches, we systematically dissected the mode of estrogen agonist repression on GR-mediated transcriptional activity. In MCF-7 cells, treatment with estrogen agonists leads to a proteasome-dependent decrease in GR protein levels. We were surprised by this result, because a previous study (33) had shown that E2-dependent decreases in GR protein could be explained by a decrease in GR mRNA. To circumvent the effects of E2 on GR mRNA levels, we constructed an MCF-7/GR cell line that stably expresses the GR from a rat cDNA driven by a constitutive simian virus 40 early promoter. This would allow us to focus on pathways downstream of the GR gene transcription that are involved in ER-GR cross talk. In the present study, treatment with ER ligands did not significantly change GR mRNA levels compared to control samples. Nevertheless, treatment with estrogen agonists result in a significant decrease in GR protein, suggesting that other ER-dependent pathways can affect GR protein levels. Our experiments in which we inhibit protein synthesis by using CHX suggest that estrogen agonists down regulate the GR primarily by a mechanism that requires de novo protein synthesis. It is unlikely that estrogen agonists inhibit synthesis of GR protein, since we show that in the presence of CHX, E2-mediated decrease in GR protein is blocked and the GR increases above basal levels. The mechanism by which CHX increases basal GR levels is not understood, but a similar observation has been made for the ER when cells are treated with CHX (30, 72) . However, our hypothesis that ERmediated decrease in GR levels requires de novo protein synthesis is supported by a recent study (74) . Using experiments similar to those reported here, Wormke et al. show that the aryl hydrocarbon receptor-dependent decrease in ER␣ does not require de novo protein synthesis, although it is mediated by the proteasome degradation pathway (74) .
The ubiquitin proteasomal degradation multicomplex accounts for turnover of most short-lived proteins, including nuclear receptors (9, 13, 36, 43, 51) . The levels of GR are tightly regulated and have been shown to be subject to proteasome degradation (16, 65, 71) . By inhibiting proteasomal degradation, the inhibitor MG132 blocks ER agonist-dependent degradation of the GR. This is consistent with the hypothesis that ER agonists induce proteasomal degradation of the GR. Our experiments also show that proteasome inhibition represses ER functional activity in MCF-7 cells as MG132 inhibits ERmediated increase in PR protein levels (43) . The results observed with the PR also support recent reports that MG132 does not increase basal PR protein levels (51) .
The increase in cytosolic p53 and Mdm2 in the presence of estrogen agonists provides a mechanistic basis to explain how estrogen agonists could target the GR to the proteasome. A number of studies have shown that p53 antagonizes GR transcriptional activity (24, 64, 65) . Mdm2 is an E3 ubiquitin ligase that has p53 as one of its major substrates (26, 34) . However, recently, a trimeric complex that includes the GR, p53, and Mdm2 was shown to enhance ligand-dependent ubiquitylation and degradation of the GR in HepG2 and human umbilical vein endothelial cells (65) , suggesting that Mdm2 is involved in degradation of proteins other than p53.
A number of our experiments suggest that Mdm2 could be the candidate protein that is induced by E2 to facilitate GR proteasomal degradation in MCF-7 cells. Particularly, inhibiting de novo protein synthesis blocks E2-mediated increase in Mdm2, but not p53. Inhibiting proteasome degradation has been shown to inhibit ER-dependent transcriptional activity (43) , and MG132 blocks E2-mediated increase in Mdm2 in our experiments. The experiments with agents that induce p53 but do not result in GR degradation also support the idea that Mdm2 protein expression is correlated to GR degradation. Finally, ER␣ is recruited to the Mdm2 promoter in an E2-dependent manner, suggesting a direct role of the ER in Mdm2 transcription. In support of our findings, GR and p53 are not the only targets of the Mdm2 E3 ubiquitin ligase activity. A recent study has shown that Mdm2 potentiates Akt phosphorylation-dependent ubiquitylation and degradation of the androgen receptor, another member of the steroid receptor superfamily (40) . In addition, Mdm2 induces ubiquitylation and proteasome degradation of the histone acetyltransferase multiprotein complex, Tip60, and the ␤ 2 -adrenergic receptor/␤-arrestin complex (39, 66) . These studies support a role of Mdm2 E3 ubiquitin ligase activity in ER-dependent degradation of the GR.
We do not exclude other mechanisms by which ER can mediate GR protein degradation. Disrupting chaperone/GR heterocomplexes has been shown to facilitate GR degradation (10, 14, 73) . Apart from Mdm2, CHIP is the only other protein that has been shown to induce ubiquitylation and degradation of the GR (10). Particularly, although CHIP induces GR degradation and was recently demonstrated to induce androgen receptor degradation, these effects were not completely reversed by proteasome inhibitors (8) . Our results show that ER-mediated decrease in GR levels is reversed by a proteasome inhibitor and that Mdm2, but not CHIP, is a direct target of the ER, since CHIP protein levels do not change after treatment with ER ligands. Other studies have shown a number of steroid receptor interacting proteins to be components of the ubiquitin proteasome degradation pathway (15) . Among these proteins is the E3 ubiquitin ligase E6-AP, a coactivator for the ER (52) that also targets p53 for proteasome degradation (63) . It is possible that the ER activated by estrogen agonists can enhance GR degradation by directly interacting with E6-AP, but our findings do not support a role of E6-AP in GR degradation. The lack of a role of E6-AP in GR degradation is also supported by a previous observation showing that E6-AP acts as a coactivator in GR transactivation assays (52) .
The ER-mediated decrease in GR protein is reasonable, considering that exposure to estrogen agonists and environmental compounds that mimic estrogen action has been shown to decrease other types of receptors in vivo and in vitro. For example, exposure of MCF-7 cells to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) has been shown to decrease ER protein levels (72) , an effect confirmed recently to be mediated by proteasomes (74) . An earlier study had postulated that TCDD may promote this effect by inducing an enzyme that acts in concert with E2 to target the ER to the ubiquitin proteasome pathway (2), a model similar to what we propose with the GR. In another study, exposure to genistein was shown to down regulate androgen receptors in the rat prostate (18) and uterus (11) . These studies support a role of ER signaling in regulation of steroid hormone receptor protein stability.
Together with the decrease in GR protein, we show that estrogen agonists increase both p53 and Mdm2 in the cytoplasm of MCF-7 breast cancer cells. Our results agree with previous reports showing that p53 overexpression correlates with up regulation of Mdm2 (5), and in MCF-7 cells E2 treatment increases p53 (46, 48, 56) . Although colocalization of p53 and Mdm2 in cellular compartments is a well-known phenomenon (7, 17, 25, 75) , simultaneous cytosolic colocalization of both proteins has not been reported to be steroid hormonedependent in breast cancer cells. Studies have shown that wildtype p53 is functionally inactivated by abnormal cytoplasmic sequestration in breast cancer cells (46, 47) , but Mdm2 expression in the cytosol was not examined. Previous studies have argued that when p53 is sequestered in the cytosol, Mdm2-dependent p53 degradation is enhanced (17) . However, it is clear from our experiments that the cytoplasmic p53 induced by estrogen agonists is resistant to Mdm2-mediated degradation. Interestingly, unliganded ER was shown to protect p53 from Mdm2 inactivation in a transformed MCF-7 cell line (41) . This phenomenon is similar to that described in neuroblastoma cells, where it was also shown that resistance of p53 to Mdm2 degradation could not be attributed to a failure of the E3 ubiquitin ligase activity of Mdm2 or the proteasome degradation function. It is not clear how estrogen agonists promote p53 stability in the cytoplasm. However, certain covalent modifications (78) can sequester p53 in the cytosol, impeding its transcriptional activity. More recently, a specific protein, Parc, which anchors p53 in the cytosol and perhaps protects p53 from degradation, has been described (53) .
Nuclear localization is essential for p53 to function in the control of cell growth and tumorigenesis. Indeed, estrogen agonists alter p53 function. The p53 induced by estrogen agonists is recruited to the Mdm2 promoter, but not to the p21 promoter. Importantly, ER␣ is recruited to the Mdm2 promoter together with the acetyltransferase multiprotein complex TRRAP that has been shown to potentiate E2-dependent cell growth (76) and that is also required for Mdm2 transcriptional regulation by p53 (4). Complementary to our finding of ER regulation of Mdm2, recent studies have shown that expression of Mdm2 is correlated with the expression of ER␣ and is up regulated by E2 and DES (27, 41, 60) . The shift in p53-dependent, ER-mediated Mdm2 regulation supports an increasing role of the ER in tumorigenesis.
In this study, we engineered an MCF-7/GR cell line to investigate GR-ER cross talk using the MMTV-LUC as a model for GR-mediated transcriptional activity. We demonstrate that estrogen agonists enhance proteasomal degradation of the GR, and as a result, estrogen agonists can impact on transcriptional regulation by the GR. Our findings suggest that in MCF-7 cells, estrogen agonists, in their role of promoting cell growth, increase p53 stability and shift its transcriptional activity from the cell cycle inhibitor p21 to Mdm2, a known potent E3 ubiquitin ligase. Thus, it is plausible that in the presence of estrogen agonists, a cascade of events leading to p53 stability can divert the Mdm2 E3 ubiquitin ligase activity towards destruction of the GR in MCF-7 cells. In contrast to ER agonists, ER antagonists play a permissive role in mediating GR activity. Thus, cross talk between GR and ER involves a converging of multiple signaling pathways, which, with the addition of the tumor suppressor p53 and the E3 ubiquitin ligase Mdm2, suggests a further layer of complexity in steroid receptor regulation of transcription.
